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The rigid skeletal structures of the marine sponges in the class Demospongiae
are silicious spicules hound together by protein fibers of collagen and spongin

(Hyman, 1940). The regulation of growth and form in these animals involves

controlling the synthesis and placement of these spicules. There is evidence that

the growth pattern, while characteristic for a taxonomic group, is yet very sensi-

tive to environmental factors related to current directions, velocity, and turbulence

(Bidder, 1923). The production of spicules de novo is an intracellular secretory

process which has received relatively little attention (Schroder, 1936; JoYgensen,
1

( H4. 1947). Weapproach the problem of sponge spicule formation as a specific

cellular activity which forms the basis of multicellular morphogenetic processes.
To begin the analysis of spicule growth, the paper provides a procedure for

monitoring silicious deposition by means of determinations of protein metabolism.

I shall present evidence supporting two conclusions. (1) The axial filament in

sponge spicules has a substantial protein component. (2) Synthesis of that

protein occurs during spicule growth, and may be monitored by a radioisotope
label in a protein precursor which becomes incorporated into the axial filament.

The desirable isotope,
32

Si, is not commercially available for radio-tracer studies

of silicon metabolism. If (a) spicules could be freed of external organic matter,

and if (b) synthesis of any intraspicule organic -matter were correlated with

silicious deposition, and if ( c ) that organic matter were largely protein, then ( a )

an}- organic matter in the HF-residue would be intrinsic intra-spicule material,

and (b I any measure of synthesis of that material would be correlated with silicious

deposition, and (c) protein precursors would label it. Thus, accumulation in

spicule residue of label from a protein precursor could serve as an index of silicic

acid deposition during spicule growth.
In the present work harsh cleaning procedures that would remove both organic

and mineral contaminants from spicules prior to HF digestion, were coupled with

two kinds of experiments that are reported here ; ( 1
) determination of the organic

component of axial filament, ( 2 ) demonstration of incorporation of an appropriate

precursor radioisotope into the axial filament in intact and cell suspensions of

sponge.

MATERIALS AND METHODS

Preparation of spicitlcs

The spicule preparation technique is based on several early observations: ( 1 i

that after digestion with HF, a microscopically visible filament remains (Bntschli.

1901 ) : (2) that boiling concentrated nitric acid digests and dissolves protein and
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other organic matter from glass; (3) that the density of spicules ( 1.93i is inter-

mediate between that of organic matter (c.(/.. DXA, 1.7) and the more common
mineral contaminants (c.c/., quarts, 2.4) ( Yosmaer and \Yijsman. l

l '05i. The

procedures leading up to carbon determination were designed to have no contact

with carbon containing reagents (not even acetone or alcohol ) to preclude any
contamination with carbon residue. (The only exception is the use of the teflon

filter after carbon had been detected on gold grid preparations. > For the analysis

of axial filament composition, axial filaments were prepared from chunks of sponge
(Aeannis critlun'its) from the Pacific Coast near Los Angeles (Pacific Bio-Marine,
Venice. California). This species was chosen because of its relatively high content

of spicules and presence of a unique "palm tree" ( cladostrongyle ) spicule.

Pieces of A. erifliaeus were repeatedly heated for an hour to 85-90 in changes
of concentrated nitric acid until the spicules were brilliant white and the acid did

not discolor (usually 4 changes i. The pellet of spicules was water washed. These

spicules did not darken sulfuricdichromate (standard glass cleaning solution).

Density gradients were prepared in 50 ml glass centrifuge tubes using ZnCL. A
linear gradient was produced by mixing two stocks, one at density 2.1. the other

at density l.S, based on standard density tables for ZnCL (Weast, 1961 I. A pilot

run showed that the spicules banded at the position expected for density 1.93.

Preparative density gradients of 35 ml were loaded with 5 ml of spicule slurry.

i.e.. water wet spicules taken up in density 1.7 ZnCL. The gradients were centri-

fuged 30 minutes at 2000 rpm in a model PR2 centrifuge. The spicules were re-

moved with the density 1.9 to 2.0 region, and repeatedly washed by centrifugation
in hot water.

Preparation of spicule residues

Cleaned spicules were etched in three different wavs for micro-analysis. (1)

Spicules were partially etched as previously described (. Schwab and Shore. 1971)
on a paladium chip. (2) Spicules were loaded on a 400 mesh gold grid 3 mm
diameter and etched completely in II F. The fluid was removed by evaporation

providing a "whole non-volatile residue," or by suction (supported on a membrane
filter) providing an "insoluble residue." (3) Gram quantities were etched in

12 N HF in teflon weighboats. filtered with suction on weighed teflon filters, and
washed with suction on weighed teflon filters, and washed with suction in 1 x HF
on the same filters, providing a "washed, HF-insoluble residue." The wash water

was collected for analyses which are included in a separate report.

Preparation of samples for electron microprobe

Partly etched spicules on a coded palladium chip were coated with paladium

by rotary vacuum evaporation. Spicule residues on 400 mesh gold grids were

similarly coated tvith paladium or with aluminum. The grids were held on a

coded copper by spring clips. The chips of copper and of paladium were

placed in standard specimen holders and examined in an A. R. electron microprobe.
The work reporte* -re is based on operation of the probe in 4 modes : ( 1 ) secon-

dary electron scattering image, (2) specific wave length x-ray image. (3) specific

wave length x-ray intensity scan and (4) specific wave length x-ray point-count
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using a diamond standard for carbon. Qualitative inorganic analysis by means
of x-ray spectral scan and specific wave length point counts are to be reported

separately.

Preparation of sponge for isotope incorporation

Fingerlets of Hyineniacidon sinapinin were aquarium-grown from sponge
chunks collected in southern California (Pacific BioMarine, Venice, California)

as previously described (Shore, 1971). Two modified synthetic sea-water media

were used. CMF/Si and lOSW/Si. The former is based on a calcium and mag-
nesium free balanced saline (Humphreys, 1963). The latter is based on a

proprietary mixture (Instant Ocean Sea Salts made to density 1.023. Aquarium
Systems, YYyckliil, Ohio). Both were made 0.5 mMwith respect to silicate by
the addition of XaSiO 3 .

Cell suspensions were prepared from chunks of H. sinapiiini by mechanical

disruption, and fractionated by isopycnic centrifugation in isosmotic sucrose.

Sponge pieces, freed of large contaminants were sliced to pieces about 1-5 mm3

and squeezed through nylon bolting colth in CMF/Si, 15 g damp sponge to 30 nil

medium providing about 36 ml of suspension, the "whole" cell preparation. Por-

tions of 5 ml suspension were layered over 30 ml sucrose gradients. These were

linear between CMF/Si (density 1.023 ) and sucrose in distilled water (density

1.092). The concentration of surcrose was calculated to be isosmotic with sea water

(density 1.023) from standard tables (\Yolf and Krown, 1970). After 15 minutes

centrifugation at 900 rpm in PR2 three fractions were collected. These are re-

ferred to as light cells, intermediate cells, and dense cells. They are, respectively,

the top 10 ml. next 10 ml, and pellet. Fach of these fractions was diluted in

lOSW/Si before being suspended in lOSYY/Si for incubation.

Isotope incorporation

Fingerlets or cell suspension were incubated in 35 mmpetri dishes (Falcon

Plastics) in a water bath at 18 C. Fach dish contained 3 ml IOSW Si. Radio-

activity was added as a change of medium to which had been added 3H-l-leucine,

specific activity 40 Ci/niM (Schwartz Bio-research, Orange, New Jersey) at a

final activity of 4 ju,Ci/ml. All fingerlets or cell suspensions in an experiment

began the incubation at 18 at the same time. The incubation in isotope occurred

for periods ranging from 15 minutes to 64 hours within the incubation at 18.

The schedule routinely provided for samples which had a short isotope incubation

period during the first portion and others the last portion, of the longer incubation

period. For example, there was a first-hour sample and a last-hour sample during
the 64-hour incubation period. Incorporation was stopped by freezing on dry ice.

A first extract, containing nucleic acids and amino acids, was obtained with 15

volumes of phenol-cresol (Kirby, 1968). Cleaned, non-radioactive spicules were

added to cell suspension preparations at this point in extraction. After acetone

washing, the phenol-cresol residue was digested in hot nitric acid to provide a

second extract. The nitric acid residue was washed in water and digested in

1 N HF providing a third residue. Portions of the medium, the first and second

extracts and the third residue were then counted in dioxane-fluors (Wannemacher,
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Banks and \Yunner. l
c tt>5 I, in a liquid scintillation spectrometer ( Xnclear Chicago.

Mark II ), to an accuracy of better tban 5% at tbe 95% confidence level.

Ami no acid analysis

A portion of a preparation of wasbed. J 1 F-insoluble residue was dissolved in

alkali and analyzed for protein according to Lowrv. Rosebrough, Farr and Randall

( 1951 ). Portions of the same material were then taken up in water and dialyzecl

against water. One of these was subjected to oxidation with performic acid for

1 hour at 0" C and prior to hvdmlvsis. The others were directly hydrolyzed in
- f J .

x HC1 for 24 hours at 1 l
c > 1 C. The hydrolysates were each separated by ion

exchange chromatography on a I'ecknian Aniino Acid Analyzer. The ninhydrin-

positive peaks were identified and the molar quantity of ach amino acid was cal-

culated for the half-width by comparison with standards.

RESULTS

The results are presented in two sections, hrst the direct studies of organic

composition, and second, the incorporation studies.

< >r</anic composition o\ a.vial filament

Single spicules. partially etched after the fashion figured in Schwab and Shore
( 1971 ) were subjected to qualitative chemical analysis by electron microprobe.

Although the axial tilament could be resolved in the secondary electron scattering

image, Figure 1. the current required for chemical analysis destroyed these single
axial filaments before carbon analysis could be reliably completed.

Piles of spicules were then digested on gold grids and the residue examined in

the electron microprobe. Figures 2 and 3 show that carbon could be detected in

these aluminum coated specimens. The carbon was restricted to those portions
of the grid in which residue was visible either in the light-optics image or in the

secondary electron scattering image shown in Figure 2. This residue contained

large quantities of other elements because the non-volatile digestion products in-

clude fluorides of Xa. K, Al, and traces of several other elements previously
reported (Schwab and Shore, 1971 I.

Encouraged by the presence of carbon, bulk preparations were made of HF
resistant material. The residue that was insoluble in Ix HF was collected and
washed in 1 x HF on a teflon filter. This residue was found in the electron

microprobe to contain regions of high carbon content as illustrated by Figure 4
and 5. A point count of this region indicated the presence of up to 40% C. The
electron scattering image confirmed that this region was an irregular pile of fila-

mentous material with the dimensions of axial filaments or clusters of these. Indi-

vidual thre.vi- ;
; ltout the diameter of axial filaments may be seen in Figure 4 in

the region giving 'his high carbon content. A second bulk preparation was made
to provide nv.< for quantitative organic analysis. From 6.89 g of purified

spicules, the t< :i -volatile residue after digestion in 12 x HF, collected on
teflon, was 596 in if this, the fraction insoluble in IN HF, collected on a teflon

filter, was 12.4 mg. Determination of protein by the method of Lowrv ct a!.
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FIGURE 1. Secondary electron image of a single, partly etched style with HF resistant

axial filament, scale line = 20 /n.

FIGURE 2. Secondary electron image of spicule residue on gold 400 mesh grid.
FIGURE 3. Carbon x-ray image of the field shown in Figure 2. with superposed plot of

intensity of these x-rays (ordinate i's. distance).
FIGURE 4. Secondary electron image of washed spicule residue on gold 400 mesh grid.

FIGURE 5. Carbon x-ray image of the field shown in Figure 4.
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TABLE I

Mole per . cut composition of axial filament protein

Residue
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Incorporation studies

The incorporation of tritium from 1-leucine into protein in sponge tissue occurs

at 18 C. A determination of that incorporation as a function of duration of incu-

bation is presented in Figure 6. The accumulation of incorporated radioactivity
increases with time at least up to 64 hours under the conditions of incubation. The
rate of accumulation decreases with increasing time in the presence of radioactive

precursor. This may be seen from the slope in the figure. The dotted lines

indicate the incorporation required for constant incorporation rate. However, each

of the time points (except the 64 hour point) was based on both early and late

replicate fingerlets. Furthermore, the rate of incorporation for both early and
late 1-hour incubations is greater than the mean incorporation rate for 4-hour

incubations. Therefore, this falling incorporation rate is not the result of a falling
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filter with 1 N HI 1

. Statistically significant incorporation occurred in both "inter-

mediate" and "dense" cell preparations. Xo incorporation was detected in either

the "whole" or the "light" cell preparation.

DISCUSSION

These data on the composition of axial filament are direct evidence thai protein

is a constituted of the axial filament of silicious sponge spicules. This confirms

the conclusion of many workers based on a large body of indirect evidence. The
most important early work was Biitschli's exhaustive testing of spicule residues

and microscopic observation of axial filament, in various reagents (Biitschli, 1901 ).

Others have noted the presence of an axial filament resistant to digestion in 1 1 1

;

(deLaubenfels, 1
C MJ; Levi. 1

( X>3; Minchin. 1909; and Travis, Camille. Bonar
and Glimcher, 1%7). The most convincing evidence of a substantial protein com-

TABI.K ! I

Radioactivity oj axial filament traction after 3-H-lcncinc incorporation by cell- suspension

preparations 0/ Hymeniacidon sin.ipiuni. Axial filament fraction icas the residue

after (a) digestion in 3 changes of hot cone. IfXO-.t in the present < o

"carrier" spicules, (b) digestion in I .V HF, (c) membrane

filter washing in I X HF. Radio-activity determined

on filters in toluene-flours b\ lir/iiid scintillation.
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material with the composition of protein is present in the residue and represents

upwards of 8% of the Lowry-positive material, or upwards of 2% of the HF-
insoluble residues. We have thus set a lower limit on the proportion of protein
in the axial filament. The conclusion, that upwards of 2 r

/c of the axial filament

is protein, is consistent with Garrone (1969). There is an apparent discrepancy
between this conclusion and that of Drum (1968) and of Travis ct a!. (1967),

namely, they conclude that the axial filament is carbohydrate. The relative pro-

portions of protein and carbohydrate in axial filament and their manner of combina-

tion remain as yet unknown.

A large body of theory exists dealing with the manner in which specific protein

synthesis is regulated (see for example the volume summarized by Lengyel ( 19(><) i.

In order to bring this theory to bear on the control of spicule growth it would be

sufficient to show that specific protein synthesis is associated, in a non-trivial way.
with spicule growth or more strongly, with silicious deposition in spicules. The
data presented above support the conclusion that there is an association in both

lime and place between on the one hand, the incorporation of a protein precursor
into some material associated with protein and. on the other, the deposition of

apparently silicious material. The deposition is at least sufficient to protect the

protein and the incorporated label from digestion bv boiling nitric acid.

There remain yet to be determined the degree to which the label in the axial

filament is actually in leucine, in protein, in a specific protein, or in one required
for silicious deposition. This laM point is the thrust of experiments to be under-

taken next.

\\'e have thus provided a procedure by means of which we may now ask about

the relationship between protein svnthesis (and incorporation into axial filament)
and silicious deposition (in spicules) in the analysis of sponge growth and de-

velopment. The present experiments thus make possible the experimental posing
of questions which are formulated in terms of mechanisms regulating protein

.synthesis and which bear directly on the mechanism of regulation of silicious

deposition.

It is a pleasure to express my appreciation for assistance with the technical pro-
cedures to Dr. Bigelow. I'niversity of Michigan. Ann .Arbor, for the electron micro-

probe data, and to Miss Sandy Swart/ and Dr. R. Serriano. Medical College of

Ohio at Toledo, for the amino acid analysis data. This work was supported by a

grant from Owens-Illinois Corp.. through the Department of Fundamental Re-

search. Dr. James Scala, Director.

SUMMARY

1. A substantial portion of the axial filament of the spicules of silicious sponges
is protein.

2. The axial filament protein lacks the hydroxylated amino acids that are

characteristically abundant in collagen.

.x It is feasible to follow the course of silicious deposition in spicules using

C14 or H3 in protein precursors.



RICHARD E. SHORE

LITERATURE CITED

BIDDER, G. P., 1923. The relation of the form of a sponge to its currents. Quart. J . Micro-

scop. Sci.. 67: 293-323.

BUTSCHLI, O., 1 () ()1. Eini-c r> li.ichtungen i:her Kicsel-und Kalknadeln von Spongicn. Z.

Wiss.Zool, 69: 235-28o.

DRUM, RYAN W., 1968. Electmn microscopy of siliceous spicules from the freshwater sponge

Hcteromyenia. J. I'ltrastntet. l\es.. 22: 12-21.

GARRONE, ROBERT. ld (
>. Col.agene, Spongine et Squelette Mineral chez L'Eponge Haliclona

rosea (O. S. ) ( Demosponge, Haploscleride). /. Mieroscop., 8(5): 581-598.

HUMPHREYS, TOM. 1 () (>3. Chemical dissolution and in I'itro reconstruction of sponge cell

adhesions. 1. Isolation and functional demonstration of the components involved.

Develop. Biol., 8: 27-47.

HYMAX, L. H.. 1
(

'4(). Metazoa of the cellular grade of construction phylum porifera, the

sponges. Chapter 0. Pages 284-364 in L. H. Hyman, The Invertebrates: Protozoa

Through Ctenophora. McGraw-Hill Book Co. Inc., New York.

|OK<;ENSEX, C. BARKER, 1
( >44. On the spicule-formation of Spont/illa laenstris (L.). The de-

pendence of the spicule-formation on the content of dissolved and solid silicic acid of

the milieu. I\inske Videnskab ernes Selskab, Hiolof/iskc Meddelelser, 19(7): 1-45.

JOK<;K\SK\, C. BARKER, l
l >47. On the spicule-formation of Spout/ilia lacnstris ( L. ) and I:phy-

datia fluriatilis ( L. ) 2. The rate of growth of the spicules. Danske I 'idenskabernes

Sclskah. rtialoiiiskc Medde/e/ser. 20(10): 1-21.

KIRHY, K., 1
1 '68. Phenol-cresol for nucleic acid extraction. .Methods in Ensymology, 12:

87-99.

DE LAUHKNFELS, M. \\".. 1
U32. The Marine and fresh-uater sponges of California. I'rocccd-

iinis ('. \. \\itioiitil Mit.fciun. 81: 1-140.

LENCYEI.. I'., 1
U6 (

^. The Mechanism of protein synthesis. Cold Sprint/ Harbor Symposia on

(Jituntitire Hiolo(/y. vol. 34: 827-841.

I.KVI. Ci.AfDE. 1%3. Sclerohlasts et s]iiculogenese chex une ejionge siliceuse. ( '. A', .lead.

Sci. Paris. 256: 4 ( >7-498.

LOWRY, OLIVER H., NIRA J. ROSEBROUGH,A. LEWIS FAKR AND ROSEJ. RANDALL, 1951. I'rotein

measurement with the Folin phenol reagent. /. Biol. Chein., 193: 265-275.

MI.XI IIIN, E. A., 1909. Sponge-Spicules. A summary of present knowledge, liri/ebnisse nnd

Fortschritte tier Zoolo</ie. 2: 171-274.

Si IIRIIDER, Ki'RT, 1936. Beitrage zur Kenntnis der Spiculabildung, der Larvenspiculation und

der \
7

ariationshreite Gerunstnadeln von Susswasserschwammen. '/.. Morphol. Ok!.

Tiere, 31 : 245-267.

Sc'ii\\ AH, 1). \\"., AND R. E. SHORE, 1971. Fine structure and composition of silicious sponge
in Acannts erithacus ( Demospongiae ) . Hial. Hull., 140: 125-13n.

SHORE, R. E., 1971. Growth and renewal studies of the choanocyte population in Hyineniacidtni

sinapiuin (Porifera: Dcnionspongiae ) using Colcemid and 3-H Thymidine. /. lirp.

Zool, 177(3) : 359-3(.3.

TRAVIS, DORTHYF., CAMILLE J. FRANCOIS, LAURENCEC. BONAK AND MELVIN J. GLIMI/HER,

1967. Comparative studies of the organic matrices of invertebrate mineralized tissues.

J. I'ltrastruct. Kes.. 18: 519-550.

\'os\i.\KR. (i. C. J., AND H. P. WijSMAN, 1905. On the structure of some siliceous spicules of

sponges. 1. The style of Tethya lyiiciinnin. K. Academic i'itn U'cteiiscliappen.

Amsterdam. Afdeeling-natuurkunde. Proeeedini/s, 8: 15-28.

WANNEMACHER.1\. \\'., JR., \\". L. BANKS, JR. AND \\". H. WUNNER,1965. LT se of a single

tissue extract to determine cellular protein and nucleic acid concentrations and rate of

amino acids incorporation. Anal. J-iiocliein.. 11 : 320.

WEAST, R. C., Ed., 1961. Specific gravity of aqueous zinc chloride solutions. Page 2103 in

C. D. Hoilgman, R. C. \Yeast. R. "s. Shankland and S. M. Selhy, Eds., The Handbook

of Chemistry Physics. |43rd ed.] The Chemical Rubber Co., Cleveland, Ohio.

\Voi.F, A. Y., AND M. '

'

,\ x, 1970. Concentrative properties of aqueous solutions: conver-

sion tables. Pages D176-D215 in R. C. Weast, Ed., Cf\C Handbook of Chemistry
and Ph.ysics. The Chemical Rubber Co., Cleveland, Ohio.


